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TECHNICAL MEMORANDUM X-64993 


SPACE SHUHLE LIFT-OFF DYNAMIC MODEL 
I. BACKGROUND AND PURPOSE 


The purpose of this report is \,o verify the on-pad structural dynamic 
model to be used for analyzing the lift-off response v f the Space Shuttle vehicle. 
The Space Shuttle vehicle during the lift-off process changes from cantilever to 
free-free conditions. This transition does not occur instantaneously but in steps 
as the vehicle lifts off. The vehicle is equipped with eight holddown blocks for 
support. As lift-off occurs, the number of holddown blocks in contact with the 
vehicle can vary from eight to zero. The number of blocks in contact at the 
base of the vehicle will vary depending on the trajectoi'y and vibration history 
of the structure. 

A schematic of the vehicle sitting on tite pad in its vertical position is 
shown in Figure 1. There are four support points at the base of each of the 
Solid Rocket Boosters (SRB), which are the cantilevered points for the vehicle. 
Because the vehicle is flexible and deflected at lift-off, the vehicle structure 
will have varying holddovn boundary conditions as it lifts off. For lift-off 
dynamic analysis, a dynamic model of the vehicle involving modal synthesis will 
be used. The method involves calculation of the vehicle structural vibration 
free-free bending modes and coupling these modes to the launch pad through the 
SRB skirts. This analysis will necessarily be three dimensional because of the 
complexity of the vehicle. The process of using free-free modes and tying these 
to the pad via a skirt stiffness matrix will allow for the minimum number of 
modal analysis cases to be made. This limits the number of boundary conditions 
to free-free ana eight point cantilevered. 

The study in this report is a step toward the verification of this dj'namic 
analysis model. In this report the cantilevered bending mode frequency of the 
model supported at the base with two beams simulating the skirts will be com- 
pared with the modal frequencies of a case using free-free modes and a finite 
element plate and beam skirt model at the base. How'cver, the primary check 
required will be to determine the number of free-free modes required to get 
accurate cantilevered modes. This will improve the accui'acy on future response 
computer runs and also make the analysis more efficient. 
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II. SOURCES OF MATERIAL AND THEORETICAL DATA 


The analysis of the vehicle involves the couplinK of the vehicle free-free 
inodes with the thrust pad, SRB skirt, and then to the ground. Then these free- 
free modes, when coupled to the ground, are run for new eigenvalues and com- 
pared with the regular cantilevered modes of the vehicle. Several sets of data 
are required to perform this study. This includes three dimensional free-free 
modes with vehicle full of propellant, three dimensional cantilevered modal 
data of the vehicle on the pad, three dimensional SRB skirt stiffness matrices 
for the left and right sides of the vehicle, and a set of equations for coupling 
the skin aiid the free-free modes together. 

The free- free and beam model skirt cantilevered modes of the vehicle 
were obtained from the same finite element beam models using different bound- 
ary conv itions. These models were run as 1320 degree-of-freedom models 
using mo. ’tly beam stiffness elements. Hydroelastic effects ^^’ere accounted 
for througi. fhe use of potential functions assuming symmetrical tanks for the 
LOX and fuel, x’^esc LOX and fuel tank analyses were made using the Boeing 
Company hydroclastic program published in Reference 1. The computer program 
produces an effective hydroclastic stiffness matrix for a propellant tank which 
accounts for the local breathing or radial motion in the Shuttle external tanks. 
These stiffness and mass matrices are coupled \rith the vehicle in the process 
of obtaining the entire vehicle mass and stiffness matrix on the computer. The 
free-free and cantilevered modes of the vehicle arc first calculated for the model 
showoi in Figure 2. These data arc stored on computer magnetic tape together 
^^’ith the mass and stiffness matrices of the entire vehicle. The vehicle skirt 
stiffness was built as a three dimensional finite clement model composed of 
plates and beam elements. A diagram of the skirt together with the numbering 
of the node points on the model is shown in Figure 3. Many of the equations 
used in this study are derived from Reference 2. However, additional work 
was required to couple the skirt finite element stiffness model to the Shuttle 
vehicle and compare these vlth the original cantilevered modes of the velilcle. 


1 1 1. THEORETICAL TREATMENT FOR PAD AND SKIRT 

STIFFNESS 

The vehicle SRB skirt physical characteristics were obtained from 
drawings and divided up into beam elements and plate elements between the 
node points shown by Figure 3. Those elements v’ere coupled together through 
the use of finite element techniques as presented in Reference 3. The coordinate 
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Fljjurc 2. Space Shuttle dynamic analysis beam model dianram. 
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FiRure 3. SRB skirt plate and l)cam model diagram. 
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system used for the skirt is shONv-n in Fi}>;urc 4 for the overall skirt and for the 
loeal beam elements. The eoordinates were used for listint; and compiling the 
data for the stiffness matrix. However, the final resulting model was presented 
as an Influence ecoffieient matrix in cartesian coordinates for coupling the skirt 
to the overall vehicle. A sample calculation shoA^'ing the techniques used in 
obtaining finite element member properties is shown as follows for a sample 
skirt cross section. 


1 .27 cm 1 .27 cm 0.4763 cm 



INERTIA TO BE OBTAINED 
ABOUT THIS AXIS 


Aj = (0.79 25) (5. 397 5) = 4 . 2774 
A2 = (6. 35) (0.9525) = G.0484 
A3 = (0.35) (1.27) = 8.0045 
A4 = (0.7874) (9. 842.5) = 7. / 

As = (0 . 3.5)(1.27) = 8 . 004 5 


= 3.175 


d2 = 0. 35 
<l3 = 7.4025 
d< = 13.02 
ds = 18.. 57 38 


I. = 


12 


3 12 


(0.7925) (5. 397.5)^ 


12 


10.3945 I. 


(0.7874)(9. 842.51^ 

■ * 4 s 


12 


02. 50 19 


I, = 


- 0.4.573 


12 


(0.3.5) (1.27)® 

^ = 1.0839 

12 
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53. 50 35 


» 10. 394 5 + (4. 2774) (3. 175)* = 


I = 0.4573 + (G.0484)(G. 35)* = 244.3429 


I = 1.0839 + (8.0G45)(7.4G25)* = 450.1895 
«5S 


I = 1.0839 +* (8.0645)(18. 5738)* = 2783.2089 
4s 


I = 1907. 5982 c 
s 


A = Arc:: 

1 

dj = distance to center of Aj . 


i = Area number in fi}^;ure. 


Ij = Inertia of Areas 1 throuj*h 5. 


I = Total Inertia plx>ut s axis, 
s 

The vehicle was modeled as a series of beam elements; therefore, pro- 
vision had to lx; made for the finite element mo<lcl of the skirt to couple with 
the model of the vehicle. This was done by fixin;; the skirt at its attach points 
to the vehicle and calculating the infl/cnce coefficient at the four launch pad 
holddown points for each SRB. The influence matrix at the four holddown points 
of each SRB was put into a 12 x 12 influence matrix in the following form; 



rxi>i 

Yi 

Zi 

Xj 

Y2 



Ya 

Za 

X 4 

Y 4 

LzJ 


[E] 

(12 X 12) 


{F} 


where 



(Xj 2 a 4 ) (Simplified notation for deflection vector at each of the 
holddown points) . 


{ F} = Forces in X, Y, and Z directions at each holddown point. 

[E] = Influence coefficient matrix at the four holddown points. 

[E]~* = Inverse of [EJ matrix. Also called stiffness matrix of skirt. 


The stiffness matrix E~^ is then freed, assuming one tie point at the 
top of the skirt allowing tliis point to be coupled to the vehicle. The matrix E 
is shown in Table 1. To free the stiffness matrix E~*, the following procedure 
and equations were used. 


a. A rigid body transformation is written relating the deflections at the 
SRB holddown points to the SRB skirt tie-in po^nt (see sketch). 


SKIRT TO VEHICLE 
INTERFACE T 


x,.y,.z,,0x.Mz 


X4.Y4.Z4 


X,.Y,.Z, 



Xj.Y,.Z, 


X,.Y,.Z, 
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TABLE 1. INFLUENCE COEFFICIENT MATRIX OF SKIRT 




1.069-7 
-3. 2-7 
-1.087-7 
-3.955-8 
4.632-8 
-8.411-8 
2.972-8 
6. 647-8 
4.255-8 
-5.84-7 
-4. 652-7 
1.267-6 


-2. 201-7 
4.815-7 
3. 209-7 
2.273-8 
-3. 094-8 
4. 632-8 
-3. 086-8 
-3.485-8 
-6. 635-8 
3. 267-7 
6. 784-7 
-4.652-7 


-8.748-8 

2. 202-7 
1.076-7 
1.876-8 

-2. 273-8 
3.955-8 
-1.691-8 
-3.068-8 
-2.865-8 
3.963-7 

3. 267-7 
-5.84-7 

n 

H 

lx 

3.977-8 
-4.641-8 
-8.4S7-8 
1. 076-7 
3. 209-7 
-1.087-7 
5.83-7 
4.682-7 
1. 266-6 
-2. 865-8 
-6.635-8 
4.255-8 

n 

>< 

U 

2.289-8 
-3.096-8 
-4.641-8 
-2. 202-7 
4.815-7 
-3. 2-7 
3. 316-7 
6.835-7 
4.682-7 
-3. 068-8 
-3. 485-8 
6.647-8 

CO 

1.891-8 
2.289-8 
3. 977-8 
-8.748-8 
-2. 201-7 
-1.069-7 
3.975-7 
3. 316-7 
5.83-7 
-1.691-8 
-3. 086-8 
2.972-8 

o 

IX^ 

-2.972-8 
6.647-8 
4. 255-b 
5.84-7 
-4.652-7 
1.287-6 
-1.069-7 
-3. 2-7 
-1.087-7 
3.955-8 
4.632-8 
-8.411-8 

? 

Ml 

3. 086-8 
-3.485-8 
-6.635-8 
-3.267-7 
6.784-7 
-4. 652-7 
-2. 201-7 
4.815-7 
3. 209-7 
-2.273-8 
-3. 094-8 
4.632-8 

P! 

-1.691-8 
3.068-8 
2.865-8 
3. 963-7 
-3. 267-7 
5.84-7 
-8.748-8 
-2. 202-7 
1.076-7 
1.877-8 
2.27 3-8 
-3.955-8 

rH 

IX^ 

-5.83-7 

4.681-7 

1. 26C-6 

2. 865-8 
-6.635-8 

4. 255-8 

3. 977-8 
-4.641-8 
-8.457-8 

1.076-7 
3. 209-7 
-1.087-7 

s 

lx 

-3. 315-7 
6.835-7 
4.681-7 
3.068-8 
-.3.485-8 
6. 647-8 
2. 289-8 
-3.096-8 
-4.641-8 
2. 202-7 
4.815-7 
-3. 2-7 

fH 

X 

b< 

3. 975-7 
-3. 315-7 
-5.83-7 
-1.691-8 
3. 086-8 
-2. 971-8 
1.891-8 
2. 289-8 
3. 977-8 
-8.748-8 
-2. 201-7 
1.069-7 

1 
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The transformation which relates the rigid deflection between the top 
and bottom of the skirt can be written in the following form: 


{X 


1234’ 


X ^ 


IT] / 


'X5 


''Y5 


= |Tl{Xg} 


where 



(X_} (Simplified notation for deflections at the top center of 
5 

skirt) . 


[T] = geometrie transformation relating deflections at each end of 
SRB skirt. 


Another form of this transformation is as follows: 


{Fj} = -lTl'^{F„j,} 


where 


T 

[T] = Transposed of [T] 


{fJ = Forces at top of SRB skirt in the Xj.i Y_. Z^t 0 , 0 , and 

o ^ojXuYu 

directions. 

Z5 

{ T 1234 } = Forces at the four holddown points in the X, Y, and Z 
directions. 
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This can be proven through the use of potential energy ( PE) in the fol- 
lowing steps: 

(1) PE = i {Xos,} lKl{X„s(} 

where 

[K] = skirt stiffness matrix. 

Put the {X1234} in different coordinate system: 

(2) PE = |{X5) [T]'^ [KllTJ {X5} 

Differentiate PE with respect to {X5} : 

(3) {|^}= IT)'^ IKllTl {X5I = {Ps[ 

Differentiate equation (l) with respect to{Xi234} : 

|a X1234I ” (^1234) = {^^1234} 

Put coordinate transformation in equation (4): 

(5) (F1234} = IK] [T] {X5} 

Therefore by comparing equations ( .“l) and ( f)) , \\c have 
(G) (Fg) = [T]'^{Fi 234 } 


12 



1 


b. Now the follow'ing deflection relations can be written 
{X123J =“ {Xl234^g + {Xi23jj. * 

where 

{X1234} = Deflection of holddown points 

{X1234} = Elastic deflection of holddown points with top of skirt fixed 

{X1234) = Deflection of holddown points due to motion ol top of skirt. 

Therefore 

= ITUX 5 } . (3 


where 

{ X5} = Motion node point representing top of skirt 
[T] = Geometric relation between top and bottom of skirt motion. 

The influence matrix of the skirt can be used to relate the following 

terms; 

(Xl234}g = ■ < 

From equations ( 3 - 1 ) through ( 3 - 3 ) , 


{X1234) = IE 1 (Fi 234 } + ITIIX5I 
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Solving this equation for Fj 234 gives 


{F1234} = lE]"HXi 234 l - IE1“*IT]{X5} 
Also the forces at X 5 are 
{Fj = 


(F,) = l-T'^l|Er‘{X,2s4) - |-t'’'i|E1‘'t{X51 


Placing these equations in matrix form gives the follo^^1ng stiffness matrix for 
the free-free skirt; 




This equation now represents the free-free stiffness matrix of the skirt which 
can be attached at the vehicle/ skirt interface by superimposing this matrix on 
the vehicle stiffness matrix. A derivation similar to this was performed in 
Chapter 4 of Reference 3. 

IV. THEORETICAL TREATMENT FOR COUPLING THE SKIRT 
AND THE SPACE VEHICLE 


The theory for coupling the vehicle and the skirt is explained in Reference 
2. However, some additional points of emphasis ^^^ll be covered in the following 
explanation. 
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The equations that are used for the system that has the skirt superimposed 
as a separate matrix are as follows: 


‘M 

o' 




1 

1 

^ 1 








1 



0 

0 


s 

0 


1 

10 

7 : 

ro 

1 


s 

t 0 


(4-1) 


where 


S 

o 


M 

0 

0 

0 


deflections of the vehicle in discrete coordinates 

deflections of the massless veliicle skirt at the holddown attach 
points. 

mass matrix of vehicle 


k„|k,2 



stiffness matrix of vehicle plus skirt. 


This is the equation of motion of the flexible vehicle with the skirt assumed to be 
massless. K 22 is partitioned in this equation to have a point in tlie model for 
attaching the launch pad holddown structure. Matrices K 22 , K 12 , K 21 , and part 
of Kii are the local stiffness matrix of the skirt which was pi'eviously obtained. 

The stiffness of the launch pad needs to be added to equation (4-1) whicii 

will be called K . The pad attaches to each vehicle holddown point and then to 
s 

the groimd. For this study the pad is assumed to be much stiller than the 

vehicle and, thcrefoi’e, a value of 10® was used for the pad stiffness. Li future 

analysis this will allow the vehicle to be released in steps. Tliercforc, after 

matrix K is added equation (4-1) becomes 
s 


■ M 

0 

(M 

, _L. 

I 

CM 

1 


M 
• ““ 

0 

1 

C 

s') 

V 0 


^21 1 ^22 


S 

0 


0 


(4-2) 


Ifi 


By collapsing the massless point deflections, the skirt deflections are written 
as 


[Sj = -IKji + K^r‘lK2,){hj} 


(4-3) 


Equation (4-2) reduces to the following equation after using equation (4-3): 


+ |K„ - Ku(Kj 2 + K^)-'K2|) (hj) = {0} 


This equation can be separated into two parts, one pait which presents the hold- 
down stiffness au a forcing function and the other part which presents the struc- 
ture as a free-free system. This form becomes 


|M]{h,} + |K„ - K,2K2V K2i){h,} 

= [K,2(K22 + K )-‘K2, - K,2K22'K2,J{h } . (4-4) 

For the equation in this form the forcing function is dependent upon the vehicle 
deflections. 

This equation can be transformed into modal coordinates using tlie 
vehicle free-free modes or eigenvectors calculated from the left side of equation 
(4-4) . The mode shapes arc used to relate the real coordinates and modal 
coordinates as follows [ 5] : 




where 


(0 1 = Matrix of vehicle mcxle shapes 

in 

q = Deflections in modal coordinates 
n = 1 to maximum numlxjr of mode shapes used. 
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Substituting this equation into equation (4-4), 


= ['‘l2(«22 ^ V'Sl - '^12'^22''2l]'^nl{S.> ' 

T 

Now multiplying this equation through by » we get • 

= I^ta'^["l2<''22 " Si - S 2 S 2 Sl]'^n'K> • 

bus equation (4-5) has each of its matrices transformed into modal coordinates, 
. The following equations are true when modes are used wl)ich are normalized 

to a mass matrix of (2 It] : 


'Sn'^[Sl - S2S2Sl]'Sn' = • 

where 

w^l = Modal stiffness matrix 
[Jit] = Unit diagonal matrix. 


Therefore, the final cantilevcr<*d equation needed for tlie study in this report is 
as follows: 




T 




f 

i 


q } = 0 
n 


(4-fi) 
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From equation (4-6) the stiffness matrix for this study becomes 






I 


and the mass matrix becomes 


I* 15] = Unity matrix 


When the eigenvalues of equation (4-6) arc found, these become the eigenvalues 
of the cantilevered model usinn the free-free nuxles. For equation (4-6) to 
yield accurate answers, enough eigenvectors have to be used. This is con- 
sidered in the next section. 


V. COMPUTER WORK AND RESULTS 


The computer was used to perform all the modal analysis presented in 
this report. Tlie frec|uencics arc presented for the models in Tables 2, 3, and 
4 for the cantilevered, free-free, and cantilevered using free-free modes case, 
respectively. The data presented in Tables 2 and 3 were obtained from Refer- 
ence 4. The case called eantilcvcrc*d using free-free mcxles (Table 4) was 
calculated from the equations in Section IV and should be compared with the 
regular cantilevered case of Tabic 2. The frequencies shown by Table 4 were 
calculated using 133 free-free mcxics. The first mode of this case is 0. 3:172 llz 
for the beam cantilevered case of Table 2. One mode shafK’ or eigenvector from 
the data of Reference 4 is shown in Tables 5 and 6. Oily the frequencies of the 
cantilevered case using free-free modes were obtained for this study. 

The purpose of this study was to determine the minimum number of modes 
required to give adequate results when running a res|X)nse analysis using this 
model. This involves determining how many modes are needed to get an accurate 
cantilevered model using free-free modes. The results of this study arc plotted 
in Figure 5. The dashed line shows the frequency of the first vehicle cantilever 
mode using the beam model. The solid line shows how the modes of this study 
approach the beam skirt model cantilevered iiuhIcs as the numiK'r of free-free 
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inodes used is increased. The first case plotted on the graph with six modes 
has only the rigid body translational modes of the vehicle. The results of this 
study show that 133 modes will get the cantilevered frequencies to stabilize to 
an adequate value. 

The frequencies of the beam skirt model case are not necessarily 
required to check ^^ith titc frequencies of the finite element skirt model case in 
an accurate manner. The finite element skirt model vehicle modes may be more 
accurate than the original modes. I'uture analysis will check other capabilities 
of this vehicle model to support vehicle lift-off response runs. 


ly 


TABLE 2. CANTILEVERED MODAL FREQUENCIES FOR THE 
VEHICLE BEFORE LIFT-OFF 
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99 

2(9i790/*0| 

10 

3*7/tb98*UU 

55 

1 *25391u*U| 

100 

3(01 1 179*01 

1 1 

3«09B30S*00 

56 

1 •27R311*0| 

101 

3(013699*0) 

12 

3(97360*1*00 

57 

1*329355*01 

102 

3(070618*01 

13 

1*t«733 1*00 

58 

I*315i02*01 

I03 

3« 1 >0252*01 

It 

1* 6 399S2*U0 

59 

1^350719*01 

lul 

3( 139710*01 

IS 

t *94771/ *00 

60 

1 *16535u*0| 

105 

3(1168)5*01 

16 

S*01 Vb69*00 

6 1 

1 *50132(1*01 

106 

3( ) 90085*01 

17 

5(09111 ;*uo 

62 

1 .559725*01 

107 

3(2?l09/*0l 

IS 

S*237S6d*U0 

63 

1 *572219*01 

108 

3( J32u2u*0l 


S(273bOU*Oo 

61 

1 *591591*01 

109 

3(302328*01 

20 

S*S6t3d2«UU 

65 

1 *67717 1 *01 

110 

3(397979*01 

21 

5(b6827t^O0 

66 

1 *'6 H 6 1 / ) ♦ 0 1 

11 1 

3(110912*01 

22 

5(080070*00 

67 

1 *689765*01 

112 

3(159678*01 

23 

5*92 1 880*UU 

68 

1 *701662*01 

113 

3(171 311*01 

21 

5*V703S6*UU 

69 

1 (726031*01 

111 

3(182571*01 

2S 

6( 17 l667*0u 

70 

1 (796055*01 

115 

3(5|6162*0| 

26 

6(278bl3*Uu 

71 

1 (029575*01 

116 

3(5)9793*01 

77 

6(1|ta00*00 

72 

1 (017752*01 

117 

3(510363*01 

3 

6(721295*00 

73 

1(896356*01 

IIS 

3(560812*01 

29 

7(211321*00 

71 

1 (965329*01 

1 19 

3(591 150*01 

30 

7(356226*00 

75 

2(016816*01 

170 

3(6267/5*01 

31 

7(11 3iiu*O0 

76 

2(06111 36*01 

121 

3(680372*01 

32 

7(1/5)23*00 

77 

2(121116*01 

122 

3(705726*01 

33 

7(179023*00 

78 

2( 1 n9u5/*0| 

123 

3(795603*01 

31 

7(506656*00 

79 

2(260065*01 

121 

3(890931*01 

3S 

7(506993*00 

80 

2(269710*01 

125 

3(962253*01 

36 

7 (803651*00 

8 1 

2(297935*01 

126 

1(081167*01 

37 

7 ( 906fl / 1 *00 

M2 

2(320106*01 

127 

1(216821*01 

36 

8(360751 *00 

M3 

2(360071*01 



39 

8 ( 6lb072*00 

81 

2(1|0820*0| 



to 

B(/39)57(00 

MS 

2(11267^*01 



1 1 

9( 170)96*00 

M6 

2(116 ) 60*01 



t2 

9(21731 a*00 

87 

2(198630*01 


13 

9(7)5173*00 

«8 

2(627076*01 

Op ^AGV fc 

«t1 

9(853336*00 

89 

2(650731*01 


If 

9(97531**U0 

90 

2(653611*01 
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TABLE 3. FREE-FREE MODAL FREQUENCIES FOR THE 
VEHICLE AT UFT-OFF 

(Hertz) 


1 

• •S3S|m<I-03 

94 

••407225*00 

91 

2*523212*01 

2 

a«*3U0V3-03 

97 

9*019305*00 

92 

2*547153*01 

a 

1 •*<l«32l-03 

90 

9*235402*00 

93 

2*5492)4*01 


7*«tl M3-01 

99 

9* V03u2^*OO 

91 

2*712007*01 

» 

a*(3lH2a-03 

SO 

I*U|3Bu1*0I 

95 

2*731171*01 

« 

*tt3bbUt-03 

SI 

1*035545*01 

94 

2*755291*01 

7 

2* 19k6*t7«00 

S2 

1 *039<««t4*01 

97 

2*741061*01 

• 

2*30ii|uB«00 

S3 

1*042220*01 

96 

2*101 173*01 

f 

2t*|bS30«00 

SI 

1*099/73*01 

99 

2*683710*01 

10 

2« 737<ift2*00 

SS 

I*13«209*01 

100 

2*9i9u/0*01 

11 

2*«OS6<I2«00 

S4 

1 •113997*01 

101 

3*009793*01 

12 

2*t7Uu2*0C 

S7 

1 • 203 313*01 

102 

3*04/953*01 

la 

3 cbB 1 <««t0«00 

S« 

1 •2|45t7*0l 

103 

3*071037*01 

11 

3*7SU&?I«00 

59 

l*279iiil*0l 

101 

3*1 (11441*01 

IS 

3*7&9lH0*00 

40 

1 •296516*01 

105 

3*11 6297*01 

1* 

a«MS19«A*00 

41 

1 *312051*01 

104 

3*137993*01 

17 

3tt8 I0/S«00 

42 

1 *379651*01 

107 

3*201916*01 

li 

1*<«4*4>h3»00 

43 

1 •135291*01 

106 

3*210359*01 

It 

1*7fit6 1 7«00 

49 

1 •149419*01 

109 

3*21boi5*01 

20 

1* V6b |S6*00 

4b 

1 * 1949 40*01 

1 iO 

3*220043*01 

21 

St0&'*s92«00 

44 

1*542901*01 

1 1 1 

3*222650*01 

22 

S* 1 26bN6«00 

47 

1 *405236*01 

112 

3*242131*01 

2a 

S*296e36*00 

*• 

1 *6117h2*0I 

113 

3*300073*01 

21 

S«3373|1«00 

49 

1 *442332*01 

in 

3*3371/5*01 

2S 

S(t9) lu1*00 

70 

1*711671*01 

115 

3*115316*01 

2* 

S»b3 jb9H«00 

71 

1*731101*01 

114 

3*115730*01 

27 

S*b472s9«00 

72 

1 •73/260*01 

117 

3*153/98*01 

2H 

S*a3b243«00 

7*3 

1 *753007*01 

1 16 

3*145115*01 

2t 

S*902349«00 

71 

1 • 744052*01 

1 |9 

3 * 5q96u2*0 1 

30 

S*V7/927«00 

75 

1 •615007*01 

1 20 

3*521/67*01 

31 

4t2 1 2bl)1*00 

74 

1 *M|5274*0I 

121 

3*591719*01 

32 

• •<09797*00 

77 

1 • 0 1 V V 1 3 * 0 1 

122 

3*4i5m8*01 

33 

36b773*00 

7B 

1 *91 3677*01 

123 

3*671977*01 

31 

4**6'<m3«00 

79 

1 *962609*01 

121 

3*701260*01 

3S 

4* 7933a7«00 

• 0 

2*003|65*01 

125 

3*707652*01 

3S 

7t24Z2 72*00 

• 1 

2 *0 1 a« 34*0 1 

124 

3*719525*01 

37 

7*9<47322*00 

• 2 

2*u526|0*0I 

127 

3*765140*01 

U 

7*««7b2 / 1*00 

• 3 

2* l42/w5*01 

126 

3* /9b227*01 

if 

7*1879<«9*00 

• 1 

2* 1690 J6*01 

129 

3*621649*01 

1U 

7*&01U22*00 

05 

2*257261*01 

130 

3*63/191*01 

11 

7*4SOVOB*00 

• 4 

2*246557*01 

131 

3*615651 *01 

<12 

7*«46V92*00 

• 7 

2*321930*01 

132 

1*080512*01 

•13 

7*V014V3*00 

• • 

2*102|44*01 

133 

1*199951*01 


••321079*00 

• 9 

2*121696*01 



ll 

••92*191*00 

90 

2*501749*01 
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TABLE 4. CANTILEVERED MODAL FREQUENCIES FOR THE 
VEHICLE USING FREE-FREE MODES 

(Hertz) 


1 

0.3372 

31 

7.4144 

61 

14.8202 

2 

0.5601 

32 

7.4727 

62 

15.052 

3 

1.8203 

33 

7.4754 

63 

15.6535 

A 

2.2699 

34 

7.5057 

64 

15.879 

5 

2.4732 

35 

7.5059 

65 

16.5329 

6 

2.4785 

36 

7.8626 

66 

16.6810 

7 

2.7647 

37 

7.8871 

67 

16.7954 

8 

2.8457 

38 

8.2647 

68 

16.905 

9 

3.4962 

39 

8.6569 

69 

17.2563 

10 

3.8453 

40 

8.7376 

70 

17.7753 

11 

3.8853 

41 

9.2276 

71 

18.1346 

12 

3.9738 

42 

9.3236 

72 

18.2996 

13 

4.4906 

43 

9.77206 

73 

18.5186 

14 

4.6543 

44 

9.7959 

74 

19.3705 

15 

4.959 

45 

9.9997 

75 

19.9559 

16 

5.0210 

46 

10.1836 

76 

19.9795 

17 

5.1161 

47 

10.3717 

77 

20.5173 

18 

5.2552 

48 

10.6163 

78 

21.1034 

19 

5.2884 

49 

10.6325 

79 

21.6220 

20 

5.5693 

50 

10.9468 

80 

21.9022 

21 

5.5734 

51 

11.0595 

81 

22.6920 

22 

5.9236 

52 

11.4819 

82 

23.0050 

23 

5.9514 

53 

12.0443 

83 

23.2227 

24 

6.0043 

54 

12. 1677 

84 

23.7757 

25 

6.2124 

55 

12.2853 

85 

24.0683 

26 

6.2945 

56 

12.8814 

86 

24.2603 

27 

6.4170 

57 

13.2081 

87 

24.5078 

28 

6.7251 

58 

13. 3918 

88 

26.0616 

29 

7.0860 

59 

13. 5653 

89 

26. 1525 

30 

7.35f)4 

60 

14.6611 

90 

26.2913 


22 


TABLE 4. (Concluded) 


91 

26.5093 

121 

36.8185 

92 

26.5985 

122 

37.0150 

93 

27.1337 

123 

37.9158 

94 

27.2186 

124 

38.7869 

95 

27.6213 

125 

38.8345 

96 

27.6832 

126 

39.4725 

97 

27.9684 

127 

39.8006 

98 

28.0996 

128 

39.9529 

99 

29.3391 

129 

40.0872 

100 

30.i818 

130 

40.8972 

101 

30.4394 

131 

42.5832 

102 

30.8000 

132 

44. 7157 

103 

31.1129 

133 

44.9845 

104 

31.4102 



105 

31.4703 



106 

31.9929 



107 

32.9383 



108 

33.312 



109 

33.659 



no 

33.7741 



111 

33.8273 



112 

33.8887 



113 

34.2623 



114 

34.5332 



115 

34.5919 



116 

34.9659 



117 

35.1110 



118 

35.2022 



119 

35.5916 



120 

36.0714 
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TABLE 5. FIRST MODE FOR THE SHUTTLE MODEL FOR BEFORE UFT-OFF 



NODE 





Eigenvalue 

= 4.16536 


POINT 

X 

Y 

Z 




1 

« 

*2 •sa786 1 -03 

3.082ai i-oa 

-1.165163-02 

„-8. 272382-10 

-1.*| 32*1-0* 

-1.608101-10 

2 

« 

-2«180**2-03 

- 2 . 537So7-0* 

-1*027377-02 

-8.272321-10 

-1.S17|20-0* 

•1. *08352-10 

J 

c 

•3»313108*03 

-6.0S8252-0> 

-8.557158-03 

•8.472177-10 

-1.651*16-0* 

•1.31*0*1-10 

n 

« 

-3. 320831-03 

-1 .6l10S8-o7 

-S.18|1|6-03 

-1 .034470-0* 

-1.783078-0* 

-2»*33*31-I0 

i 

c 

•3.30I3S3-03 

- --2«2|66| 2-0^ 

-3.B162S2-03 

— -1.151885-0*- 

-1.1o876|-o* 

-1 . I21978-10 

* 

c 

-3.287801-03 

-2*283331-07 

-2.3732*5-03 

-1.231138-0* 

-1.113818-0* 

1.8772I"-! 1 

7 

. . - 6 

-3.2801 10*03 

-2.236122-07 

-1 .51 1 876-03 

-1 .256683-0* 

-1.001713-05 

1.1715*5-10 

• 

s 

-3.2761 1 2-oi 

-2*200*17-07 

-1 .210251-03 

-1.2603*8-01 

-1 .0Pi**n-05 

1.6782*0-10 

* 

-- « 

•2.S|1V71-03 

-3.*I?*1I-07 

1 .770/51-0* 

•1 . 152351-01 

- 1 . 0101 1 2-05 

-1.31*350-08 

iO 

6 

-3.S2^273-0I 

-5.167350-07 

1.09V143-0* 

- 8 , 106 | 0 *- 0 * 

-1.007123-05 

* 8 . 122111-31 

1 1 

6 - 

•3.S277HS-03 

-3.113323-07 

1.096201-0* 

- -5.707067-0* 

-1.0101*2-05 

1 .180330-01 

■ 2 

6 

-2. l81i.<’5-03 

-3. *31351-07 

-2.373*25-03 

•1 .238271-0* 

-1.113811-0* 

5.513321-1 1 

1 3 

6 

-2.2S6 1 Si-03 

-3.211381-07 

-2.373180-03 

-1.537774-0* 

-9.11289|-06 

2.121*11-10 

1 •• 

6 

-2.281165-03 

-2 . *5 1 263-07 

-1 .8187*1-03 

-1 ,576113-08 

-1.V8*21|-0* 

6.171661-10 

IS 

6 

-2.322718-03 

- 1 . 66 1 753-07 

-1 .1212*8-03 

-2.0*6748-08 

-1.18*2*3-0* 

1 .020807-01 

1* 

6 

-2.3S4|16-03 

-3.888771-0* 

-1.502253-0* 

-2.366863-08 

-*.981737-0* 

1.21*850-01 

1 7 

S 

-2. I81&75-03 

-3.611*72-07 

-2.373147-03 

•1.231607-0* 

-1.113811-06 

1.211 018-1 1 

I* 

6 

-2.2S6 1 31-03 

-3.87i833-07 

-2.3731*1-03 

7. 063102-0* 

-1.912881-0* 

•1. 151125-10 

1 « 

C 

-2.28ll38-03 

-1.335*12-07 

-1 .818106-03 

1 .328632-08 

-*.18*211-0* 

- 5 . 113535-10 

20 

6 

-2. 322763-03 

-5. |l6l5l-07 

-1.123351-03 

1.818*55-08 

-1.18*211-0* 

-1.227111-13 

21 

6 

-2.3S61C2-03 

-6* 3315 1 5-07 

-1.1*1233-0* 

2. 1 18246-09 

-9.181711-0* 

•1 • 121 626-0* 

22 

6 

-1.160’32-OJ 

-6.360653-0* 

-5.271111-0* 

- 1 , 256683-0* 

-1 .001711-05 

|. 171566-10 

23 

6 

-S. 326120-03 

5.31 |116-08 

1 .136670-0* 

- -1.258091-0* 

-1 .003157-05 

1 .183335-10 

21 

6 

-6. I1S5SI-C3 

1.71 |211-07 

1. 171178-0* 

-1 .261121-0* 

-1 .00*131-05 

1 .210284- 1 0 

2S 

6 

-7.066697-03 

2.813143-07 

1.6182*2-03 

- 1 .245210-0* 

-1 .00’1|2-05 

1.213315-13 

2* 

6 

-3.267218-03 

-1 .172*38-07 

2.383I«7-0* 

-1.26P352-0* 

-1 .OP37lo-05 

1.672336-10 

2« 

S 

.0 

.0 

.0 

.0 

.0 

.0 

21 

6 

.0 

.0 

.0 

.0 

.0 

.0 

3 1 

« - 

-7.683237-06 

-I . 0 ’ 1 *« 1-08 

-1 .28*303-03 

-2.052*15-12 

-1.667513*0* 

7.1*1121-11 

it 

0 

-7.6207*3-06 

-8.167*18-08 

-3.01*386-03 

•3.1*1608- 1 2 

-*.691781-0* 

7.138571-11 

J J 

« 

-6.363661-06 

-1.281013-08 

-5.103 105-03 

|.7| 1 738-12 

-1 . »0 1 888-06 

4 . |63asi-l 1 

31 

6 

-S. 203311-06 

-5.737723-08 

-7.828211-03 

7.387186-12 

-I.OC05I8-OS 

1.153286- 1 1 

3S 

« 

-1.066731-06 

-6.*1“3i1-08 

-1.027311-02 

1.217216-11 

- 1 .030*01-05 

2.355708-1 1 

3* 

6 

-3.272102-06 

- 6 . 884115-08 

-1 . |8765o-02 

1.2*1701-11 

-1.051122-05 

1.530211-12 

37 

• -- « 

•3.27S8S3-06 

-7.020H&-08 

•1 .33*07 |-02 

- 1.2*1711-11 

-1 .0*8071-05 

*.1*25*1-12 

3« 

6 

-3.276156-06 

-7.018*02-08 

-1.128227-02 

1 . 2 * 1751-1 1 

-1.075552-05 

4.175318-12 

31 

6 

-3.278061-06 

-7.2*0058-08 

-1*6151*6-02 

1 .261768-1 1 

-1.08*158-05 

7.81*180-12 

10 

6 

-3.2711 01*06 

-7.520635-08 

-1 .875570-02 

1.261768-1 1 

-1 . |i3*52-05 

1.1*6355-1 1 

i| 

C 

.0 

-4.1*0821-08 

-1 .283375-02 

1.2*1711-1 1 

-1 .0688*5-05 

.6.1155*1-12 

11 

« 

-1.12*273-03 

5.005251-08 

•1 .231 22o-03 

-3.31*121-11 

-1.667515-0* 

7.1*8518-1 1 

IS 

S 

-1.12*212-03 

-7, 071*25-08 

-1.23 1 220-03 

2.907763-1 1 

-1.667515*0* 

7.123676- 1 1 

1* 

6 

-1 .071335-03 

-1.112013-07 

-3.0115*5-03 

5.7672*6-11 

-1 .611870*0* 

.1.111838-11 

17 

S 

-1 .07*385-03 

1.211206-08 

-3.0115*6-03 

-6.573862-1 | 

-1.61187|-0* 

1.6*8187-10 

1« 

« 

-1 .1868 16-03 

- 3 . 1*081 1-07 

-1 .2301 76-03 

-1.2*1751-0* 

-1 .003**9-05 

2.351070-10 

11 

« 

- 1 .186818-03 

-3.657232-07 

-1 .230111-03 

-1.2501*7-0* 

-1 .003*61-05 

I.0001*!-I0 
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TABLE 5. (Continued) 


NODE 

POINT 

X 

Y 

Z 


By 


■>0 

6 

-1.403790-03 

-1.003999-08 

-1.2312*8*03 

_-l. 10*152-12 

-9.4*751 3“04 

7.941319-11 


6 

-1 .475789-03 

2.978975-07 

-1 .0283*3-02 

-9.378501-1 1 

-1 .010905-05 

2.355708-1 1 

<•<• 

6 

-1.475787-03 

-3.842895-07 

-1.0283*3-02 

1.1*8297-10 

-1 .030905-05 

2.355708-1 1 


6 

-2. IH132H-03 

-7.929843-0* 

-1 .028331-02 

-8,2721 1 7-10 

-9.5*7121-0* 

-9.408359-10 


6 

-2. 78280H-C4 

-4.369003-0" 

-1 .186378-02 

9.949700-0* 

-1.059122-05 

- 1 .473080- 1 0 

57 

6 

-2.782978-04 

-7.900*42-0" 

-1.186379-02 

-9.93*31 3-0* 

-1 .059122-05 

1 .75783*'- 1C 


6 

-2.7h4hh5-04 

-4.331357-08 

-1 . 1862*9-02 

_ 1 .0*1203-04 

-1 . 1533"*-05 

-1 .942845-0" 

5* 

6 

-2. 7H443H-04 

-7.938000-08 

-1.1 86289-02 

-1 .04 1 209-0* 

-1 .153387-05 

1.971391-08 

*0 

6 

•5.583h93-0H 

-7. 155559-07 

*1.231927-03 

. “1.0*52*7-10 

-*,*47965“0* 

-9.735598-1 1 

6| 

6 

-5,583240-OH 

4.994299-07 

-1 .231*27-03 

1 .059738- 10 

-*.6679*5-0* 

1 .**57 1*- IC 

*7 -- 

6 - - 

. 5.H;8t49-0H 

1 .204874-04 

-1 .2301*2-03 

.. 9.509*37-10 

-*.6*7977-0* 

2. 233537-10 

43 

6 

5.H29|>ji-oh 

-1 .228192-04 

-1 .2301*1-03 

-9,595*50-10 

-*.*67977-0* 

-7.912978-1 I 

4M 

6 

-3.227451-OH 

-5.023875-04 

-1 .289079-03 

9,1 85379-08 

-5.654575-04 

9.15*31 1-0* 

4S 

6 

-3.2z747|-0H 

5.009742-04 

-1 .289038-03 

-9, 1 85290-08 

-5.65*575-0* 

-9.081905-0* 

44 

6 

-5.459531-05 

-2. 195031-04 

-1 .2866*3-03 

9.198*95-08 

-5.65*559-0* 

9. 1893S4'?v 

47 

G 

-5.4599H3-05 

2. 175991-04 

- 1 .2866*2-03 

-9, 1 9661 1 -0" 

-5.654559-0* 

-9.104951-0? 

4S _ . _ 

6 

3.22HC98-OH 

2.71 2963-04 

-1 .289227-03 

9.18*9*9-08 

-5,65*572“0* 

9.187523-0? 

49 

6 

3.229C77-0H 

-2. 73 1 5o9-06 

-1 .2*9224-03 

-9, 1 89384-0" 

-5.65*57|-0* 

-9,1 0*61 8-C? 

73 

a - - 

-1.970399-04 

3.334132-0* 

-1 .996521-02 

_ 1.040500-0* 

-1.159179-05 

-1.94CC81-0" 

;<• 

6 

-1 . 970394-04 

2.291059-0* 

-1 .35**50-02 

1 .060941 -04 

- 1 . 153820*05 

-1.94P001-:* 

75 

a 

- 1 .970392-04 

1.350933-C* 

-1.28*555-02 

1.0*0952-0* 

-1.153**3-05 

- 1 ,95**71-09 

74 

« 

-1.9703 37-04 

9.89o299-o7 

- 1 . 22 1 969-02 

1 .0*0996-0* 

-1 . 153997-05 

-1 ,959*99-Ci* 

77 

G 

-1.970339-34 

-4. 102 396-0" 

- 1 . I 7 7**8-02 

1 .0*0993-0* 

-1 . 153384-05 

-1 ,95*?32-0- 

7H 

G 

- 1 . 20320B-n4 

- 1 .0 19738-04 

-1.0/C9I2-02 

8,239275-07 

-1.1 1*98 1-05 

-8.31*583-0? 

79 

G 

-1.09 1720-04 

- 1 ,882 79 7-06 

-9.23 :523-03 

7.278030-07 

-1.1 7 19 19-05 

-5.439959-0? 

i.O 

G 

-9.8q2uI 2-37 

-2.923508-0* 

-7. 7H J909-03 

*. 321515-07 

- 1 .C 8"7o3-05 

-3.2*0554-0* 

0 1 

G 

-B,4«45/c-37 

-2.4771 07-0* 

-6.3H>lvn| -03 

5.3*9751-07 

- 1 .01"731-o5 

-1.1**218-0? 

m 

G 

-7.5709- 2-07 

-2.489296-0* 

-5.C**6**~03 

9,907774-07 

-9.71111 1-0* 

5.957898- 10 

A3 

6 

-4.95SC35-07 

-2.986050-0* 

-3.898**8-03 

. 3.950*25-07 

-8.8511 0"“0* 

1.971015-0* 

OH 

G 

-5.338998-07 

-2.1291 n4-0* 

-2.751215-03 

2.9*3338-07 

-7,8^1499-0* 

3.073150-0* 

a 5 

G 

-9.222023-07 

- 1 .4909 3 7-0* 

-1.8012*9-03 

1.535*42-07 

-4 ,55»59*-0* 

3.89*299-0* 

H4 

G 

-3.50^759-07 

- 1 . 285204-0* 

-1 .2»c7«9-03 

9.20*2*1-0" 

-5.454554-04 

9. 1 7» 790-3* 

07 

G 

-2.27227 3-07 

-S.99o15*-37 

-9 .984758-09 

5.513002-0" 

-3.9*5590-0* 

3.25293C-0? 

n a 

G 

-1 .343296-07 

-1.595755-0^ 

-9.3978*1-05 

2.7*01*1-08 

-1 .4*3*94-0* 

1 .*5*«*5-0* 

09 

G 

-1 .024961-07 

-9. "92829-08 

-5.42*809-05 

1 .82 1574-08 

- 1 .08*993-0* 

1 . 3*2588-0? 

90 

6 

-2. 141 2 17-08 

-3.138102-10 

-3 . 198959-07 

3.56'»7|0-|0 

-1 .300978-08 

1.282714-11 

9| 

G 

-1 .343298-07 

-1.187100-07 

-4.297919-05 

2.7*01*2-08 

- 1 .6*3995-0* 

1 .95*899-0? 

»2 

6 

-1.343299-07 

-8.289993-0" 

-3. 197935-05 

2.7901*3-08 

-1.4939*9-0* 

1.95*899-0? 

93 

G 

-1.343299-07 

-2.091 178-0" 

2.2050*8-05 

2.790143-08 

-7,8905*0-07 

1.5*2510-10 

9h 

G 

-1 .343299-07 

-9.859759-0* 

7 .696957-05 

2 . 7*n 1 43-0" 

-7.8905*0*07 

' 1.592S1C-I0 

95 

G 

5.993252-05 

9.088* 1 0-07 

-5.39*539-05 

1 . 82 1674-0* 

-1 ,0"’*93*0* 

1 .3*2582-0* 

94 ' 

G 

•4,02862 1 -05 

-1 . 102505-0* 

-5,3**539-05 

1 .821574-08 

-1 .08**93-0* 

1 . 3*25*9-0* 

97 

G 

2.848748-05 

1.005039-0* 

2.307903-05 

2.7*01*3-08 

-7,8905*0*07 

1.5*2534- 1 0 

9a 

G 

-2.894918-05 

-1 .096579-0* 

2.307903-05 

2.7*0143-08 

-7.8905*0*07 

1.5*2989-10 

101 

G 

-7 . 48998 1 -04 

.0 

.0 

.0 

.0 

.0 


ik 




TABLE 5 


( Continued) 


NODE 

POINT 


X 

Y 

z 


6y 


IQ2 - 

C 

-7t68»72<l-0* 

3.320773-10 

_ *0 

•2.7*0720-1 1 

tO . . 

.*0 

10) 

6 

•7«*8B I 89>o* 

6.844692-10 

• 0 

-3.93C031-I 1 

• 0 

• 0 

I0*» 

6 

•7>688i46-0* 

a.03|2|2-IO 

_..0 

-6.792412-11 

*0 

• 0 

lOS 

G 

-7.*B*7*0“0* 

9.326664-10 

.0 

•8.6*4316-11 

• 0 

• 0 

JO* — - 

6 

— _ -7.684)14-06 

-6.264928-10 

_ _ »0 

_-7. 822723-1 U 

• 0 

--.O 

IC7 

G 

-7.68)600-06 

-2.749771-07 

• 0 

-9.428**8-12 

.0 

.0 

ICB 

G 

.0 

-1 .294324-0* 

_.0 

..-1 .83*300-09 

• 0 

• 0 

1 0» 

G 

-7.49236H-{)6 

-3.99|979-0* 

.0 

-2.221*90-10 

• 0 

• 0 

1 10 

G 

.0 

-1.098974-07 

- ,0 : — 

•3.329*91-09 

.0 _ 

.0 

1 1 1 

G 

• 0 

-2.0*|4s9-07 

.0 

-4.994037- 1 0 

• 0 

.0 

112 
1 13 

G 

G 

- .0 

.0 

•2. 109696-07 
-|.J7|78I-07 

-.-.0 

• 0 

. 1 .204898-10- 
2.929086-09 

- .0 - 

.0 

,0 — 

• 0 

1 1 •• 

G 

. -9. 092467-06 

.0 

— .0 

- .0 

.0 

.0 

1 I& 

G 

-9.092)89-06 

-|.79939*-0« 

• 0 

8.431 187-10 

• 0 

.0 

1 »3 

G 

•1 .964049-06 

-3.993482-06 

-1 .996422-02 

• 1 .06C40I-0* 

-1.149174-04 

1 .96*482-08 

1 

G 

-I .964q46-36 

-2.372127-06 

-1 .349941-02 

-1 .060961-06 

-1 .143*21-04 

1 .9*8*94-38 

— 

G 

-|.964o42-CG 

-1.976322-06 

-1.289444-02 - 

• 1 .06'>943-06 

-1.1 436*9-04 

1 .9*8962-39 

1 ft. 

G 

- 1 • ••64C97-C6 

-6. 29e998-07 

-1 .221970-02 

-1 .06”997-o6 

-1.143998-04 

1.968*32-08 

\fJ 

G 

-1 .964093-06 

-7.6*4 1*9-0* 

-1 . 177998-02 

• 1 .0*f 9*9-06 

- 1 . 143387-04 

1.968*18-0* 

1 f* 

G 

-1 • 19BH27-0* 

8.862899-07 

-1. 070712-02 

•8.23*278-07 

-1 . 1 )7982-04 

8.929*34-39 

I ;• - 

G 

-1.0077 18-06 

1 . 768694-06 

•9.23T426-03 

-7.27'’C32-07 

-1 . 121719-04 

4.797222-0’ 

1 ao 

G 

-9,764786-07 

2.3294)4-06 

-7.763906-03 

-6.321414-07 

-1 .C*870*-04 

3.327182-0’ 

1 M 1 _ 

G 

— -8.649|S7-07 

2.49)699-0* 

-6 . jaByH 1 -03 

-4.36*740-07 

-1.0387)9-04 

1.317077-39 

1 »2 

G 

-7.492272-07 

2.616273-06 

-4 .U696«6-03 

-9.907773-07 

-9.7111 16-06 

-9,297**3- 1 3 

1") 

G 

-6,9302-4-07 

2.933087-0* 

-3.U98VV0-93 

-3.94't*20-07 

-8.841 1 1 2*06 

-1.860/9 *39 

1 »■* 

G 

-4 . 3 1 7969-07 

2.084214-C* 

-2.741219-03 

-2.993332-07 

-7.8-1641-06 

-2.772097-39 

1 <1<> 

G 

-9 . 204S94-07 

|.6|92n2-0* 

-1 .Ho 12*3-03 

-1 .43>-944-ij7 

-6,4484*7-06 

-3.7*lO*« -9 

1 n« 

G 

-3.990970-07 

1.266 1 24-06 

"1.2HC7t’8-03 

-7. 20*178-08 

-4.646444-0* 

-9.07*83 -C9 

M/ 

G 

-2.2*299 1-07 

4.918121-07 

. -9 .986742-09 

-4.41 2942-08 

-3.994488-06 

-3*20C6*3-39 

1 ae 

G 

-1 . 347497-07 

1 .429267-07 

-9 .3*7868-04 

-2. 79.1 1)6-08 

-1 . 693999-0* 

- 1 .936996-39 

1 

G 

-1 .0226 jC-07 

9. 7927oO-0« 

-4.629793-04 

-1.823447-08 

-1 .0979*2-06 

•1 .392914-37 

1 •*0 

G 

-2. 1 42 1 r 3-08 

3.076316-10 

-3 , 198*40-07 

-3.469677-10 

-1 .30097*-o8 

-1 .264989-1 1 

1 1 1 

G 

-1 • 347496-07 

1 . 1 74701-07 

-6.297893-05 

-2.790137-08 

-1 .693999-0* 

-1 .930994-39 

1 '<2 

G 

-1 . 347499-07 

8.224337-0* 

-3. 197917-04 

-2.7901)8-08 

- 1 .693993-06 

-1 .730994-39 

1 < J 

G 

•1 . 347499-07 

2. 12)392-0* 

2.204IC2-04 . 

-2.790138-0* 

-7.690477-07 

- 1 .9798 14' 1 0 

1 tt 

G 

-1 .347901-07 

1 .096901-0* 

7.696 1 »3-04 

•2.790138-08 

-7,8*0577-07 

-1 ,9798 14- 1 0 

1 

G 

4.993398-04 

-9,098497-07 

-4.399420-04 

-1.823449-08 

- 1 .0879*2-0* 

-1,392910-09 

I"** 

G 

-6.02*663-04 

1 • 1 0l4| 8-06 

•4.399420-04 

-1 .823457-08 

- 1 ,087992-0* 

-1.392921-07 

l«7 

G 

2.868H62-04 

-1 .009702-0* 

2 . 3079 1 6-04 

-2.790138-08 

-7.8*0477-07 

-1,977891-10 

1 «8 

G 

•2.896314-04 

1.096*91-0* 

2.307916-04 

-2.7901)8-08 

-7,8*0577-07 

- 1 ,977 789-1 0 

2CI 

G 

-3.2901 89-06 

.0 

.0 

.0 

.0 

.0 

202 

G 

-3.289 1 84-06 

1.209193-09 

.0 

-3.979187-11 

»0 

.0 

2 J3 

G 

•3 . 298 1 64-06 

1.744771-07 

• 0 

-1.473976-10 

• 0 

.0 

2J** 

G 

-3.289732-06 

2.00101 1-07 

.0 

-2.381963-10 

.0 

.0 

204 

G 

-3.2 79(324-0* 

6.072*47-10 

• 0 

-2.078983-10 

*0 

.0 


TABLE 5. (Concluded) 



NODE 


POINT 


X 

Y 


z 




? 46 

G 

-3.276MM7-06 

-S»BhoSh7-IO 

.0 


-§,827373-11 „ 

•0 

.0 

3<i7 

6 

• 3> 2760S8>06 

-3*96o962-I0 

.0 


9,25‘.926- 1 3 

.0 

• 0 

2 

G 

tO 

l,a79S|9-09 

• 0 


0, 752990-10, 

• 0 

#0 

2 ;V 

G 

-3.27*rH9-06 

6. 7B37« 1-59 

.0 


-2.613700-13 

.0 

• 0 

2 1 a 

G 

-3.276267-56 

6,39h8b5-0’ 

.0 


_ -2,3O'>1>0’- 1 1 

.0 

.0 

2 1 1 

G 

• 0 

S.a07J90-09 

.0 


-1,76 1 792-1 1 

.0 

• 0 

212 

G 

-3. 276‘j37-36 

5.210239-09 

.0 


3.I3799I-M 

.0 

• 0 

2 1 1 

G 

-3.2 ;6/r,9-0fc 

5.2I0»88-09 

.0 


-9, ‘• 1 7 732-11 

.0 

• 0 

2 1 ■< 

G 

-3.277 | ,b-5i. 

S.9H.)‘*96-09 

.0 


-3.999 1 06-1 1 

.0 

.0 

2 

G 

-3.2;7i-i‘ J-56 

3, 154H15-09 

.0 


-2.597921-1 1 

• 0 

• 0 

2 t 6 

6 

_ - .0 

1 .VVjCl 7-09 

.0 

_ 

-1.59f 093-Il 

.0 

• 0 

2 1 7 

G 

-3 . 27B( s.9-06 

0,009127-10 

.0 


-3.133993-11 

.0 

.0 

2 1 8 

G 

-3.279 1 16-06 

-2.737032-12 

.0 


7 ,999350- 1 9 

• 0 

.0 

2 IV 

G 

• 0 

.0 

.0 


.0 

• c 

• 0 

222 

G 

- 3 . 279 lj 2 - S6 

<*.0Sm IbS-l 1 

.0 


_ -1.031629-11 

• 0 

• 0 

2 .- Q 

G 

• U 

.0 

.0 


.0 

.c 

.0 


G 

*P 

.0 

.0 


.0 

.0 

*0 


ts3 


TABLE 6. SEVENTH MODE FOR THE SHUTTLE MODEL FOR LIFT-OFF 


ro 

00 


Eigenvalue » 1.2084 + 2 


NODE 

POINT 


X 

Y 

z 


fly 


1 

<• 

-f >H 6 1 6 <l 1 -OS 

i.isifsH-oa 

-6.60HH2S-06 

-6.66H9H 1-06 

7.626708-08 

-2.086936*06 

2 

0 

-f • J 1 3u72*Ob 

1 .7H2092-02 

•|.7H«70I-Ub 

-6.680391-06 

7 . 939597-08 

-1.966680-06 

J . 

^ 

. 6 . 7 Vd^ JS-Ob 

1 . 700^33-02 

-3,69H9Hb-0b 

- 6 . 16861 i-OS 

3.230396-08 

-2.066169-06 


(■ 

-«• ;2c3i«-0b 

1 .06207b-02 

-H .C2bB6o-Ub 

-3.929SH7-06 

-6.939027-08 

-2.770336-05 

s 


-e • 6U ■ 2b 1 -Ob 

3«f0<JlHI-03 

“1 •7472fi-u6 

■2. 198761-06 

-1 .7h69|9-07 

-3.121069-06 

« 

<$ 

.d»Ma36'i3-0b 

-7.b|8l 7H-0H 

1 ,H7ooOH-Ob 

-9 . H63Hh8-06 

-2.6H82SI -07 

-3.099626-05 

; 


-d»HL,70'.>l -nb 

-3.36b2vl-03 

3.703876-06 

-6.330882-06 

-2.9Sul3 .-37 

-2*980210-06 

d 

(i 

-8» Jb2H JH-Cb 

-H .369dvV-o2 

H.6HV|86-0b 

•H.6o«2I 7-06 

-3.2Ho69h-07 

-2.866819*06 

t 


-6.V37HJH.0b 

-9.623'’ia-Ob 

1 ,0’H969-0H 

-6.736699-06 

-6.7u5897-07 

-3.39b099-06 

10 

ij 

-1 .dJiH 37-03 

|.17h673-0H 

-1 .326j3b-uH 

-6.7339hI-C6 

-6.>8oVB7-j7 

-3.260163-06 

1 1 


1 • H367sd-03 

1 .2b307u-OH 

3.HB230S-0H 

-6.5t9bHl-06 

-3. I539H5-J7 

-3. |9i 1 19-05 

12 

(• 

3. |b3Hi2-03 

- 1 .7906.6-03 

-f .7319HH-UH 

-9.H63779-06 

-2.6H3068-37 

-J. 0’9 779-05 

1 J 

Va 

6.„7Hd3b-u3 

- 1 .7263 1 2-Oi 

-1 .897H6H-03 

-1 .026370-06 

-1 . 7 12966-07 

-3 . 1 u 1 220-06 

M 

b 

6.026 jo7-03 

-3» 1 676V2-03 

-27779h6v'-u3 

" 1 • 1 0Jo3**“o& 

2.H3..07H-J7 

-3.099157-05 


(■ 

1 . 1 1 7/VS-02 

-H.6.j60|b-03 

-3.7HbB22-u3 

-1 . 1 772h3-o6 

6.892966-07 

-3.f;969l 8-06 

1 * 

(• 

1 .372dVb-02 

-6.0H|o73-J3 

-H.7b32bb-J3 

- 1 >22601 8-ob 

9. 7 1 1 726-j7 

- 3 . 1)95989-05 

17 


-3t2vH»23-03 

- 1 .7 70667-03 

1 .002b’6-ai 

-9.H53786-06 

-2.663993-07 

-3.099780-06 

m 


-6. 1 u7ddb-03 

- 1 . 72b73d-03 

1.927916-03 

- 1 .03oHhH-o5 

-3.6| I6H6-Q7 

-3. 101223-06 



(a 

-6»7h3375-uJ 

-3. 167HJ j-03 

2.636216-03 

-1 . 10H096-Q6 

- 7 . 86 B8 90-07 

-3.1S9906U-05 

20 


-|.|2f6H6-02 

-H . *i,bb30-03 

3.S3b2Hd-03 

-1.1BJ6|2-o6 

- 1 .2H69 1 8-04 

-3.0967 10-06 

21 

a 

-1 .3dH9lH-02 

-6.0Hc* 2 1 d-Oi 

H.90SH07-o3 

-1 .2337r|7-o6 

- 1 .536987-06 

-3*o952o3-05 

22 

0 

• 1*1 tl4HdO-QH 

-b.7S&892-03 

6,6923Hd-0b 

-6. 33nH 1 9-06 

-2.950291-07 

-2.980298-0$ 

23 

0 

-1 .Hbb723-OH 

-7.792’ 60-Oi 

8.917632-06 

-9.968780-07 

-3.207669-07 

-3.391959-05 

2>* 

% 

- 1 . 76 7 V 1 8-OH 

-1 . 1 7b»7u-02 

1 . I663H7-0H 

1 .79 6699-06 

-9.275363-07 

-9.921561*05 
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Figure 5. Nunilx?r of frcc-frec modes versus 
cantilever frequency. 
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